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INTRODUCTION
The internal gelation process is one of the sol-gel processes developed for the preparation of microspheres of hydrous metal oxides. In this process, chilled clear broth droplets containing the salt of the metal, hexamethylenetetramine (HMTA), and urea are heated, which causes homogenous gelation and solidification of the droplets. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] After washing treatments, the gel spheres can be either air dried for use as engineered ion-exchange materials 7−11 or, depending upon the metal, dried, calcined, and sintered to ceramic microspheres for use as nuclear fuel, 1−6 catalysts, 7−11 getters, 7−10 or dielectrics. [12] [13] [14] A previously reported test-tube methodology, 15 which was employed to determine the optimum process parameters for preparing hydrous metal oxide microspheres, was also used in this study to determine the optimum process parameters for preparing hydrous aluminum oxide microspheres. The testing procedures are described in Appendixes A and B. The key to being able to prepare hydrous aluminum oxide gel spheres by this process depends upon an understanding of the behavior of aluminum in acidic and basic solutions. Hydrous aluminum oxide gels at a pH of ~4 in a nitrate or chloride solution. Aluminum hydroxide gels are amphoteric and will dissolve in an excess of either a strong acid or a strong base. If the solution becomes too basic (pH ≥10), the aluminum forms the hydroxide complex (AlOH) 4 − and goes back into solution. Fortunately, in the internal gelation process, HMTA acts as a buffer, which keeps the gelling broth chemistry in the pH range of 4−7. To prevent the hydrous aluminum gel spheres from dissolving, the process chemistry has to be controlled in the allowable pH range. After gel spheres are formed, they have to be carefully washed.
This study found the gel spheres could be washed with ammonium hydroxide (NH 4 process. 4 The most important of these reactions are as follows: Urea serves as a complexing agent for the metal (reaction 1). For broths of certain concentrations, the urea allows stable broths to be prepared at 0°C. As the temperature of the broth droplets rises after the droplets have been injected into the hot organic medium, decomplexation occurs (reaction 1), allowing hydrolysis of the aluminum to take place (reaction 2). HMTA, a weak organic base, drives the hydrolysis reaction to completion.
At first the HMTA molecules are singularly protonated (reaction 3). Once most of the HMTA molecules (≥95%) are protonated, they begin to decompose (reaction 4) into ammonia molecules, which make the system even more basic. Each protonated HMTA molecule can effectively remove three additional hydrogen ions. The reaction products are formaldehyde and NH 4 NO 3 or ammonium chloride. In addition to its role as a complexing agent, urea also functions as a catalytic agent, which accelerates the decomposition of the protonated HMTA molecules. 
PREPARATION OF STOCK SOLUTIONS
In preparing stock solutions for use in the internal gelation process, experience has shown it is generally best to make the stock solutions as concentrated as possible;
however, supersaturated solutions should be avoided. When possible, stock solutions for any element to be gelled by this process should be partially neutralized with NH 4 OH. By doing so, ideal broths for making gel spheres can be prepared with higher metal concentrations and less HMTA. Generally the urea/metal mole ratio needs to be ≥1. In this study, five aluminum stock solutions of the following concentrations were prepared:
( 17 M urea) with a density of 1.14 g/mL was prepared. In using these stock solutions to prepare clear broths, long mixing times were needed for the broths with OH -/Al 3+ mole ratios of >1. To shorten the mixing time of these broths, HMTA-urea stock solutions were also prepared with higher urea concentrations and lower HMTA concentrations, which allowed the urea/Al 3+ mole ratios of these broths to be ≥1.
EXPERIMENTAL RESULTS
Optimum broth formulations and gel-forming temperatures were determined for making structurally strong hydrous aluminum oxide microspheres via the internal gelation process. One of the most critical factors in the formation of the gel spheres is the time required for broth droplets to gel once they are introduced into the hot immiscible organic medium in the forming column. Ideally, gelation should begin in ≤10 s.
Numerous test-tube experiments were conducted with broths prepared using stock solutions to determine which broth formulations at 60, 70, 80, and 90°C had gel times ≤10 s and had good gel characteristics. This broth also gelled at 80°C in ~9 s and had a rigidity value about 5.5 after 10 min of aging. In another broth with identical OH -/Al 3+ and HMTA/Al 3+ mole ratios but with a urea/Al 3+ mole ratio of 1.28, the broth cleared in 5 min, gelled in ~9 s, and had a rigidity value of ~5.5 after 10 min of aging. Numerous other tests were also conducted which demonstrated that the urea/Al 3+ mole ratio of a broth must always be ≥1 to ensure that the broth quickly clears of gel solids when the chilled stock solutions are mixed. a density of 1.14 g/mL was prepared. The stability test procedure was as follows.
AN EXAMPLE OF ONE OF THE LAB-SCALE PREPARATIONS OF HYDROUS ALUMINUM OXIDE MICROSPHERES
1. A rack for holding thin-walled glass centrifuge tubes was placed in an ice bath.
(Plastic tubes were not used because glass provides faster heat transfer.) Predetermined volumes of 3.17 M HMTA/3.17 M urea and aluminum stock solutions were separately and carefully pipetted into these tubes via calibrated electronic pipettes, and the tubes were subsequently chilled for ~20 min. The centrifuge tubes containing the aluminum stock solutions also served as the broth tubes and were labeled accordingly as to the stock solution that was used and the HMTA/Al 3+ and OH − /Al 3+ mole ratios. Unless stated otherwise, the urea/Al 3+ mole ratio was equal to the HMTA/Al 3+ mole ratio. 
APPENDIX B GEL TESTS IN GLASS CENTRIFUGE TUBES Apparatus
The apparatus used for the gel tests was simple and consisted of the following components:
• 2-L beaker containing ice water 
Testing Procedure
The gel test procedure was as follows.
1. A predetermined volume of an aluminum stock solution (at room temperature) was carefully pipetted into the bottom of a glass centrifuge tube and placed in an ice bath.
The required volume of HMTA/urea (at room temperature) was pipetted into the bottom of a separate polypropylene centrifuge tube and placed in an ice bath. Both were chilled for 10 min to attain ice-bath temperature. The chilled HMTA/urea was then quantitatively and slowly pipetted into the chilled aluminum solution and mixed well.
Care was taken not to splash the broth onto the walls of the test tube. The broth was maintained in the ice bath for an additional 5 min.
2. The broth tube was then placed in a hot water bath at the desired temperature.
The test tube was gently swirled in the water bath to observe when the gel set. A stopwatch was used to measure the time in the bath needed for gelation to occur. As gelation began, the clear broth became viscous and motionless. The gel was then allowed to age for 10 min in the hot bath at the same temperature.
3. The test tube was then removed from the hot bath, and the gel was allowed to cool to room temperature. The transparency of the gel on a scale of 1 to 10 with 1 being transparent, 4 being translucent, 7 being opaque, and to 10 being crystalline white was subjectively determined and recorded. The rigidity of the gel was subjectively determined by inserting a spatula into the center of the gel and was quantified on a subjective scale of 1 (no resistance, almost like water) to 10 (high resistance, difficult to penetrate). Any variation in color was also noted.
4.
The gel was then broken up by stirring with the spatula, and the test tube was centrifuged to remove pockets of air and to compact the gel into the bottom of the tube.
A calibrated pH probe was inserted into the gel to measure the pH. It took up to 30 s for the pH reading to stabilize.
At a minimum, duplicates of each broth were tested to ensure accuracy. If the gel times and properties matched, the test results were assumed to be valid. If the gel times did not match, additional tests were conducted to resolve the problem and obtain consistent values.
